Directed in vitro evolution can create RNA catalysts for a variety of organic reactions, supporting the "RNA world" hypothesis, which proposes that metabolic transformations in early life were catalyzed by RNA molecules rather than proteins. Among the most fundamental carbon-carbon bond-forming reactions in nature is the aldol reaction, mainly catalyzed by aldolases that utilize either an enamine mechanism (class I) or a Zn 2+ cofactor (class II). We report on isolation of a Zn 2+ -dependent ribozyme that catalyzes an aldol reaction at its own modified 5 end with a 4300-fold rate enhancement over the uncatalyzed background reaction. The ribozyme can also act as an intermolecular catalyst that transfers a biotinylated benzaldehyde derivative to the aldol donor substrate, coupled to an external hexameric RNA oligonucleotide, supporting the existence of RNA-originated biosynthetic pathways for metabolic sugar precursors and other biomolecules.
Introduction
According to the "RNA world" hypothesis, early history of life on earth involved a period in which chemical transformations were catalyzed exclusively by RNA molecules, which are capable of genetic function and are able to fold into complex three-dimensional shapes, like structured proteins [1, 2] . The fact that peptide bond formation in the ribosome is catalyzed by the RNA portion in the large subunit in all kingdoms of life supports this hypothesis, as it may represent an artifact of this RNA-dominated evolutionary period that is still present in today's biomolecules [3] . Other functional RNAs that can be found in present organisms also support this hypothesis. Among them are natural selfcleaving RNAs [2] , components of the spliceosome [4] , a ribozyme that can be triggered by a small metabolite [5] , and the so-called riboswitch RNAs, which regulate bacterial metabolism by allosteric binding to smallmolecule metabolites [6] .
In vitro evolution experiments using random sequence RNA or DNA libraries provide another source of versatile nucleic acid catalysts. These experiments, carried out in the laboratory, can be viewed as a model of RNA evolution in the RNA world, and have led to a variety of RNAs that catalyze biologically important *Correspondence: m.famulok@uni-bonn.de chemical reactions, such as nucleotide (nt) synthesis [7] , redox reactions [8, 9] , peptide- [10] and amide bond [11] formations and cleavage [12] , amino acid ester transfer [13, 14] and aminoacylations [15] [16] [17] , the Michael reaction [18] , porphyrine metallations [19, 20] , alkylations [21, 22] , and RNA polymerizations [23] . The only known RNAs that catalyze carbon-carbon bond formations are ribozymes for the Diels-Alder reaction [24, 25] .
Despite this rather broad scope of different metabolically relevant chemical transformations for which ribozyme examples exist, there are several important reactions that have not yet been carried out with a ribozyme. For example, identification of a ribozyme that catalyzes a substrate-specific aldol reaction would be a significant achievement because it would demonstrate the ability of RNA to accelerate a chemical reaction important in several biologically relevant metabolic transformations, particularly in nt synthesis, like the formation of ribose from simple aldehydes [1] . We therefore applied in vitro selection of a highly diverse RNA library, consisting of 2 × 10 15 different sequences, to test whether RNA catalysts that are able to accelerate an aldol reaction between a levulinic amide aldol donor substrate and a biotinylated benzaldehyde-4-carboxamide derivative could be evolved.
Results and Discussion
The aldol reaction and the modified reactants investigated in this study are shown in Figure 1 . We evolved the aldolase ribozyme by iterative cycles of in vitro selection [26-28] using a previously described 194 nt RNA library with two randomized regions of 70 and 72 nt, separated by a 14 nt constant region, and flanked by two constant primer binding sites [10, 18] . Each of the 2 × 10 15 members of the library was 5#-modified with a levulinic amide aldol donor substrate via a flexible linker, including a photocleavable o-nitrobenzyl residue (1). The ketone substrate was attached to the 5#-monophosphate group of a guanosine monomer to yield 1a (syntheses of substrates will be published elsewhere), which was used as an initiator nt during in vitro transcription of the library with T7 RNA polymerase. To select for RNA sequences capable of catalyzing the aldol reaction, the resulting pool was incubated with the biotinylated benzaldehyde-4-carboxamide substrate 2. Thus, active sequences tagged themselves with biotin, resulting in a distinctive feature for separation of reacted and unreacted RNA by streptavidin agarose affinity chromatography (Figure 2A) . To exclude the undesired enrichment of sequences that reacted at other potentially nucleophilic sites in the RNA, and to enforce the enrichment of sequences that yielded the aldol reaction product 3, a photocleavable linker was attached to the ultimate 5#-phosphate group. Upon UV irradiation, the biotin tag is removed only from those sequences that have carried out the desired reaction, whereas sequences that bear the tag at other sites remain bound to the streptavidin matrix. As a control, we The modified guanosine residue 1a used in the in vitro transcription as well as the levulinic acid derivatives 1b-1d and aldehyde 2, which yield the aldol reaction product 3 (postulated thermodynamic regioisomer) after UV cleavage. 1b: Levulinic acid-modified full-length ribozyme for the "in cis" reaction, 1c: 3#-truncated 174 nt version of 1b; 1d: hexamer-substrate for the "in trans" reaction; substrate 1d was also incubated with a ribozyme version consisting of nt N 7 -N 174 .
performed two selections in parallel, one in which reverse transcription and PCR amplification were performed directly on immobilized RNA sequences, the other one including the UV cleavage step (Figures 2A  and 2B ). We gradually increased the stringency of the selection by reducing the incubation time ( Figure 2B ). After 11 selection cycles, no further enrichment was achieved. Interestingly, enrichment was observed both in the UV cleavage and the direct amplification selection. We cloned and sequenced 21 samples from each selection and obtained, in each case, the same main family with sequences that varied only by point mutations in 19 different positions overall within the second randomized region, whereas the first randomized region showed only point mutations at three positions ( Figure 3A and see Figure S1 in the Supplemental Data available with this article online). Clone 11D2, the most abundant (13 out of 21) and most active sequence (data not shown) from the direct amplification, was used for all further investigations. The highest number of point mutations found within one sequence compared to clone 11D2 was four. The point mutations do not appear to allude to a particular secondary structure motif.
Sequence Requirements and Secondary Structure of the 11D2 Ribozyme
To determine a minimal motif of the ribozyme, we synthesized different truncated versions of clone 11D2. We deleted several stretches of nt between positions N 7 and N 99 , but left at least the first six nt and the 5#-modification unchanged. These deletions resulted in complete loss of activity (data not shown). In contrast, the ribozyme was much more tolerant of truncation from the 3# end ( Figure 3B ). For example, a truncation of 20 nt containing the entire constant 3#-primer region maintained full activity. Further 3#-truncation led to a stepwise reduction of activity to 20% for 11D2 1-111 , and 11D2 1-106 no longer exhibited any appreciable activity (4%). From these data we conclude that the catalytically active center is located between positions 1 and 111, whereas the following 63 nt play an important role in stabilizing an active conformation of the ribozyme.
The secondary structure of the ribozyme was investigated by enzymatic probing using RNase T 1 , A, and V 1 , and nuclease S 1 . RNA for the structural probing was subjected to the same denaturing/refolding procedure as the RNA for the selection and the kinetic studies. The 5#-labeled RNA can only be generated without the 5#-ketone modification. The 3#-labeled RNA was probed both with and without the 5#-ketone modification. No significant difference was observed, indicating that this modification does not affect folding (data not shown). However, at present it is not clear what fraction of the ribozyme exists in an active form. Because RNAs may fold into different structures of similar energies-especially with increasing length-enzymatic probing will inherently give an overall picture of the secondary structure that shows the most abundant structural motifs, but may not necessarily represent the most active conformation.
Figures 4A and 4B show a representative probing gel at different time points during the gel run; Figure 4C presents the corresponding secondary structure that correlates best with the cleavage pattern obtained with the different nucleases. The color coding represents an average over five independent structural probing experiments. The structure is characterized by a series of hairpin loops and bulged hairpins that branch off from a single-stranded central sequence motif. The only detail that does not exactly fit with the secondary structure shown in Figure 4B 
Clone 11D2 Requires Zn
2+ Ions for Activity Depending on the manner of aldol donor activation, protein aldolases are subdivided into two mechanistic classes. Class I aldolases lead to stereoselective deprotonation when the substrate is covalently attached to a lysine residue in the active site as a Schiff base. In contrast, class II aldolases require divalent metal ions, mainly Zn 2+ , in the active site, which acts as a Lewis acid cofactor, polarizing the ketone group to facilitate deprotonation of the α-acidic position in the aldol donor and stabilizing the transition state [29, 30] . Due to the low nucleophilicity of the exocyclic primary amino groups in RNA bases, we considered it unlikely that we would be able to isolate RNAs that would utilize the class I mechanism. We therefore included 300 M Zn The sigmoidal shape of the curves in Figure 5A suggests that divalent metal ions are bound in a cooperative fashion. We therefore determined the Hill coefficients for both ions in the "in cis" and "in trans" reaction ( Figure 5B) [31] . Although the strict requirement of Zn 2+ ions in our ribozyme suggests that they exhibit an active role in the catalytic step, it is also possible that the ribozyme requires Zn 2+ simply to support its folding and to stabilize its structure. The number of cooperatively bound ions does not allow any conclusions about the absolute number of bound ions (other than the lower limit). A possibility consistent with (but not demanded by) the data is that the catalytic mechanism of the ribozyme includes the formation of a scaffold that positions a Zn 2+ ion cofactor in the active site to enable deprotonation of the aldol donor, similar to the mechanism of the class II protein aldolases [30] . Thus, the fact that cooperativity was found for Zn 2+ ions but not for Mg 2+ ions does not exclude the possibility that Mg 2+ ions might somehow participate in the catalytic step of the reaction. Identifying the exact role of Mg 2+ and Zn 2+ ions in the catalytic strategy of this ribozyme will be an important direction for future research.
Kinetic Characterization of the 11D2 Ribozyme
For kinetic characterization, we used the truncated 1-174 nt version of clone 11D2 (1c in Figure 1) and first investigated the self-modifying "in cis" reaction of 1c ( Figure 6A ). The 32 P-radiolabeled ketone-modified RNA 1c was incubated with different concentrations of the aldehyde 2. Aliquots were drawn at different incubation times, and product yields were determined by determining the percentage of biotinylated ribozyme after elution from a streptavidin matrix. The integrity of this product was confirmed by gel electrophoresis: the right panel of Figure 6A shows the transcribed 5#-modified ribozyme before (lane 1) and after (lane 2) UV cleavage in comparison with the product of the "in cis" reaction after purification on streptavidin agarose, followed by elution with formamide, before (lane 3) and after UV cleavage (lane 4). The finding that the mobility of the reaction product (lane 3) decreases compared to that of the unreacted modified ribozyme (lane 1) shows that the molecule has reacted with the aldehyde 2 and that molecular weight has been added to the product. After UV cleavage, products of the same lengths are obtained for the unreacted (lane 2) and the reacted modified ribozyme (lane 4), clearly showing that the reaction must have occurred at the 5# modfication and not at the nucleic acid part of the ribozyme. This is further supported by negative control experiments in which either the RNA 5# end was unmodified or in which the biotinylated aldehyde 2 was left out. In both cases, no immobilization on streptavidin agarose was observed (data not shown). To study whether clone 11D2 can also catalyze the reaction on an external aldol donor substrate in an intermolecular reaction, we prepared a truncated version of this ribozyme that lacked the first six nt at the 5# end (11D2 7-174 ). The corresponding hexameric RNA substrate 1d was synthesized with the 5#-ketone modification by in vitro transcription and subjected to reaction with the aldehyde 2 in presence of 11D2 7-174 under single-turnover conditions. The formation of the aldol product was followed by gel-shift of the 32 P-radiolabeled hexameric RNA substrate ( Figure 6B ). As before, we determined the initial reaction rates at different concentrations of aldehyde 2 and obtained the kinetic parameters applying the Michaelis-Menten equation (Figure 6E) . Interestingly, the "in trans" reaction showed a K M of 1 mM for 2, which is similar to the one found for the "in cis" reaction. This indicates that the binding site for 2 in the truncated ribozyme 11D2 7-174 is not significantly altered compared to the clone 11D2 1-174 , because the affinity for the biotinylated aldehyde 2 remains unchanged. Comparing the respective k cat values, however, we found that the "in trans" reaction ex- 
The 11D2 Ribozyme Catalyzes an Aldol Reaction
To further characterize the product formed in the "in cis" and "in trans" reactions, we purified the boxed prod- ucts shown in Figure 6 by affinity chromatography on streptavidin agarose. Bound reaction products were eluted and precipitated with ethanol. For analytical detection of the formed product, we took advantage of the photocleavage site (Figure 2A) . After UV irradiation, we subjected the respective samples to electrospray ionization time-of-flight mass spectrometric (ESI-TOF-MS) (positive mode) analysis. Both in the "in cis" ( Figure  6C ) and the "in trans" reaction ( Figure 6D ), the same peak was obtained that corresponds to the expected mass ([M+2Na] 2+ ) of the aldol product 3. Without UV irradiation, the mass spectra of the same samples did not show the ions corresponding to the aldol product. As a negative control, we performed the same set of experiments using the unselected RNA from the starting pool instead of the ribozyme. In both cases, no aldol product was observed in the mass spectra (data not shown).
To further support the hypothesis that the ribozyme catalyzes an aldol reaction, and to evaluate its substrate specificity, we synthesized a set of derivatives of substrate 2 and investigated whether they are accepted by the ribozyme in both the "in cis" and the "in trans" reaction. Figure 7 shows the data for the intermolecular reaction in which the aldol-donor-derivatized hexameroligonucleotide substrate 1d was used to react with the respective derivatives of compound 2, catalyzed by ribozyme 11D2 . Consistent with the requirement of the aldehyde group, no reaction product appeared when we used a derivative of compound 2, in which the aldehyde had been reduced to an alcohol. An isomer of compound 2, in which the aldehyde was in metarather than paraposition, was accepted as a substrate, but yielded only 77% of the amount of product obtained with the progenitor parasubstrate used in the selection. This result indicates that the ribozyme tolerates a certain variation in the substrate structure. However, a substrate containing an additional OH group in the 5 position of the metaderivative of compound 2 was not accepted by the ribozyme and resulted in no product formation.
These data provide additional indirect evidence that the ribozyme catalyzes the transfer of the aldehyde substrate 2 to the levulinic acid substrates 1c-1d, in accordance with an aldol reaction. The ketone substrate contains two potential sites for deprotonation: namely, the protons at the methyl-and methylene group next to the keto function. At present, we do not yet know which of the two sites is deprotonated, nor whether the aldol reaction occurs in a stereoselective fashion. The rather unreactive proton at the β-carbon adjacent to the amide moiety is unlikely to be the site of deprotonation.
Conclusion
We have selected a ribozyme that catalyzes an aldol reaction between a levulinic amide aldol donor and a benzaldehyde-4-carboxamide substrate. The only known RNAs that catalyze carbon-carbon bond formations are ribozymes for the Diels-Alder reaction [35] . Given the eminent relevance of the aldol reaction as a carboncarbon bond-forming reaction in nature that plays a central role in cellular metabolism, the aldolase ribozyme described here fills an important gap and further supports the hypothesis of complex ribozyme-catalyzed metabolic pathways in the RNA world. Our ribozyme is only active in the presence of Zn 2+ , like natural class II aldolases. Considering the ability of RNA to bind compounds as small as glycine [36] , it can be envisioned that other ribozymes that utilize amino acids such as proline or lysine as cofactors could be selected. Because proline alone can catalyze stereospecific aldol reactions via enamine intermediates [37, 38] , RNA selections aiming toward this end would pave the way to ribozymes with a mechanism similar to that of class I aldolases.
Significance
The first example of a ribozyme that catalyzes an aldol reaction is described. The ribozyme shows, for a self-modifying reaction, a 4300-fold rate enhancement over the uncatalyzed background reaction. Furthermore, we show that it can act as an intermolecular catalyst that transfers a biotinylated benzaldehyde derivative to the aldol donor substrate, coupled to an external hexameric RNA oligonucleotide. Our ribozyme is only active in the presence of Zn 2+ , as also found for natural class II aldolases. The finding that RNA can catalyze aldol reactions supports the existence of RNA-originated biosynthetic pathways of many metabolic precursors of sugars and other biomolecules before modern cells arose. The ribozyme demonstrates that an RNA is, in principle, able to accelerate chemical reactions important in several biologically relevant metabolic transformations, particularly in nucleotide synthesis, such as the formation of ribose from simple aldehydes.
Experimental Procedures
Detailed information on the synthesis of ketone-modified guanosine 1a and biotin aldehyde 2 will be published elsewhere. Given concentrations of 1b-1d always refer to the ketone-modified portion. From these data, the initial rate was determined. The v max value was estimated to be 5% higher than the highest determined v 0 . Cooperativity was determined from the Hill equation (1): 
Preparation of the RNA Pool
log v 0 (v max − v 0 ) = nlog[M 2+ ] − nlogK D(1)
Kinetic Assays

ESI-MS Analyses
Aldol products for both the "in cis" and the "in trans" reactions were obtained by following the incubation procedure and purification on SAv-agarose as previously described here. 
